Turnover of focal adhesions allows cell retraction, which is essential for cell migration. The mammalian spectraplakin protein, ACF7 (Actin-Crosslinking Factor 7), promotes focal adhesion dynamics by targeting of microtubule plus ends towards focal adhesions. However, it remains unclear how the activity of ACF7 is regulated spatiotemporally to achieve focal adhesion-specific guidance of microtubule. To explore the potential mechanisms, we resolve the crystal structure of ACF7's NT (amino-terminal) domain, which mediates F-actin interactions. Structural analysis leads to identification of a key tyrosine residue at the calponin homology (CH) domain of ACF7, whose phosphorylation by Src/FAK (focal adhesion kinase) complex is essential for F-actin binding of ACF7. Using skin epidermis as a model system, we further demonstrate that the phosphorylation of ACF7 plays an indispensable role in focal adhesion dynamics and epidermal migration in vitro and in vivo. Together, our findings provide critical insights into the molecular mechanisms underlying coordinated cytoskeletal dynamics during cell movement.
C ell migration is a fundamental cellular process. The multi-step process of cell migration entails integrated activities of the cytoskeletal networks and cell/extracellular matrix (ECM) adhesions 1, 2 . Turnover of focal adhesions, organelles that connect the cytoskeletal network and ECM, is a critical component of this process. Interestingly, cytoskeletal dynamics coordinated by mammalian spectraplakin proteins have been shown to regulate focal adhesion dynamics during cell movement 3, 4 .
Evolutionarily conserved in multicellular organisms, spectraplakin proteins such as ACF7 (Actin-Crosslinking Factor 7) can crosslink microtubules and F-actin 5, 6 . Although broadly expressed, spectraplakins' functions are best characterized in muscle, neurons and skin epidermal cells. Mutations in the single Drosophila spectraplakin gene leads to various defects that include perturbations in cytoskeletal organization, cell-cell junction and integrin-mediated epidermal attachment to muscle 7 . Mammalian genome encodes two spectraplakins, BPAG1 (Bullous Pemphigoid Antigen 1) and ACF7. BPAG1 mutant mice display sensory neuron and muscle degeneration phenotype, and have gross defects in cytoskeletal organization and function 7 . By contrast, ablation of ACF7 expression in mice leads to early-embryonic lethality 8, 9 . Conditional knockout (KO) of ACF7 in mice suggest that ACF7 is critically involved in cytoskeletal coordination and cell migration in vivo 3, [10] [11] [12] [13] [14] .
While the accumulating evidence underscores the importance of ACF7 in coordinating the cytoskeletal dynamics essential for cell movement, the spatiotemporal regulation of ACF7 remains largely unclear. ACF7 harbours an actin-binding domain (ABD) at its N terminus and a microtubule-binding domain at its C terminus 7 . The ABD of ACF7 contains two consecutive CH (calponin homology) domains 3, 15 . In this study, we resolved the crystal structure of ACF7-NT. Our structural analysis indicated a closed conformation of the tandem CH domains in ACF7-NT, with key actin-binding sites (ABS) hidden by the intramolecular interactions 16 . Consistent with the structure results, endogenous ACF7 exhibits F-actin associated localization only at focal adhesions. This localization is apparently necessary for ACF7 to specifically guide growth of microtubule plus ends towards focal adhesions. The localization pattern also strongly suggests that cell-adhesion signalling is required for relieving the potential intradomain interactions within the ABD to allow ACF7 interaction with F-actin. However, the molecular nature of the signalling circuitry that regulates F-actin interaction of ACF7 and its localization at focal adhesions remains unknown.
ECM adhesion signalling is mediated by integrin receptors 17 . Although they have relatively short cytoplasmic domains, integrins can transmit the adhesion signals through their coupling to signalling molecules, such as tyrosine kinases. In this setting, the linked activities of two non-receptor tyrosine kinases, FAK (focal adhesion kinase) and Src family protein kinases, serve as a common intracellular point of convergence in the signalling network initiated by integrin receptors 18 . Both FAK KO cells and cells deficient in the three most ubiquitously expressed Src family kinases exhibit a decreased rate of migration and impaired focal adhesion turnover [19] [20] [21] . Although the connection between FAK/Src complex and cytoskeletal systems has been documented, it is still largely unknown how this complex may affect the coordination of microtubules and F-actin dynamics to regulate cell adhesions.
In this study, we identify a key tyrosine-phosphorylation site within the ABD of ACF7. Our results show that the FAK/Srcmediated phosphorylation of ACF7 is essential for F-actin binding of ACF7 and coordinated cytoskeletal dynamics at focal adhesions. By disrupting this site, we demonstrate that phosphorylation plays a key role in focal adhesion dynamics and cell motility in vitro and in vivo. Taken together, our results illuminate an important molecular mechanism whereby cell adhesion and cytoskeletal coordination are regulated during directional cell movement.
Results

ACF7 regulates epidermal migration in vivo.
Although approaches to exploring cell migration in vitro are readily available, it remains challenging to develop mammalian models and examine cell movement in vivo. As a surface organ, mammalian skin serves as an ideal candidate for intravital monitoring of cell migration. In addition, the established protocol for culturing skin epidermal stem cells makes it possible to generate functional skin tissue from engineered stem cells, which can carry both fluorescence markers for intravital imaging and defined genetic alterations to investigate the consequence in epidermal migration in vivo. However, engraftment of passaged epidermal stem cells via traditional skin stem cell technique proved unsuccessful. To resolve this issue, we first employed organotypic culture of epidermal keratinocytes in vitro by culturing the cells on top of acellularized dermis ( Supplementary Fig. 1A ). Exposure to the air/liquid interphase can induce stratification of cultured cells to generate a skin-like organoid in vitro ( Supplementary Fig. 1B ) (ref. 22 ). Transplantation of this cultured skin organoid to nude host leads to efficient skin engraftments, which are stable and can readily express exogenous genes that have been transduced to the epidermal stem cells (Fig. 1a,b) . The grafted skin displayed stratification and differentiation programme indistinguishable from the host skin ( Supplementary Fig. 1C ).
Our previous studies have suggested a role of ACF7 in cell motility and skin-wound repair 3, 14 . When grafted skins were challenged to respond to injury, skin generated from ACF7-deficient cells exhibited a significant delay in repairing full-thickness wounds as compared with wild-type (WT) skin (Fig. 1c) . Histological analysis and quantification revealed that the area of hyperproliferative epidermis (HE) that typically proliferates and migrates into the wound site was diminished by 450% at day 6 following injury in skin grafted with ACF7 null cells (Fig. 1d ). Despite the difference in wound closure, no significant alterations were found in cell proliferation in grafted skins after wounding, as assessed by labelling for Ki67 (Fig. 1d) .
To directly monitor epidermal migration in vivo, we transduced WT and ACF7 null cells with lentivirus encoding Histone H2B-RFP. Regenerated skins were wounded and then imaged by multiphoton microscopy (Supplementary Movies 1 and 2). WT skin exhibited robust and well-polarized movement of epidermal cells, whereas most ACF7 KO cells showed little or no movement during the same time interval (Fig. 1e,f) . Quantification of these movements revealed a dramatic decrease in average speed in vivo on loss of ACF7 (Fig. 1g) . In addition, loss of ACF7 greatly compromised polarity of cell movement, as indicated by both windrose plotting of cell-movement angles and quantification of movement directionality (Fig. 1h,i) . Epidermal cells migrate in a collective manner in response to wounding 23 . Consistent with this notion, WT cells migrate in vivo with significant uniformity as indicated by Rayleigh test (P ¼ 1.44 Â 10 À 7 ). By contrast, ACF7 null cells move in a rather uncoordinated manner (P ¼ 0.516 by Rayleigh test). Taken together, our results demonstrate that ACF7 plays an essential and multifaceted role in epidermal migration in vivo. to mediate microtubule targeting to focal adhesions. ACF7 harbours the ABD (the tandem CH domains) and a plakin domain in its N terminus (Fig. 2a) . Although the ABD domain has F-actin-binding affinity in vitro 15 , ACF7 does not exhibit extensive co-localization with F-actin filaments in cells (Fig. 2b) . Instead, in primary mouse keratinocytes, endogenous ACF7 are enriched at the plus tips of microtubules that associate only with the ends of actin stress fibres, where focal adhesions localize (Fig. 2b) . The localization pattern is consistent with the role of ACF7 in mediating specific targeting of microtubule plus ends towards peripheral focal adhesions, through its actin and microtubule crosslinking activity. The two tandem CH domains are present in ABDs of many F-actin-binding proteins 16 . Based on known structures of ABDs, the CH domains usually adopt a closed conformation (Supplementary Fig. 2A ). This conformation is achieved by an extensive interdomain interaction interphase, causing key ABS to be largely buried within the two CH domains. Thus, it has been proposed that the exposure of ABS requires potential domain movement/rearrangement of CH domains to allow interaction with F-actin 16 . Previous studies suggest that different ABDs associate with F-actin in different manners, and significant domain movement has been demonstrated for CH domaincontaining proteins, such as utrophin [24] [25] [26] [27] . However, it remains unclear how ACF7's CH domains associate with F-actin.
To illuminate the potential mechanisms of how F-actin binding of ACF7-CH domains is regulated, we resolved crystal structure of ACF7-NT (containing the CH domains and a part of the plakin domain) at 2.6 Å resolution (Fig. 2c, Supplementary Fig. 2A -C, and Table 1 ). ACF7-NT is folded into an elongated polypeptide that is B92.4-Å long and B58/14.3-Å wide with two tandem CH domains following the spectrin repeat 1 (SR1) of the plakin domain. The SR1 of ACF7's plakin domain consists of three a-helices connected by short loops that pack in a left-handed helical bundle with a typical up-down-up topology, which is highly conserved among plakin family protein 28, 29 . ACF7's ABD consists of only a-helices connected by short-loop sequences, and adopts a closed conformation with extensive intramolecular contacts between the two tandem CH domains (Fig. 2c,d and Supplementary Fig. 2A ). Previous biochemical and mutagenesis studies have revealed three major F-ABSs (ABS1-3) in the tandem CH domains 16 , which are conserved in ACF7 ( Supplementary Fig. 2D ). However, in closed conformation of ACF7's ABD, a number of key residues in the ABSs were buried within the protein and were unlikely to be involved in association with F-actin (Fig. 2d) . Previous studies indicate that CH domains of utrophin associate with F-actin through an induced-fit mechanism, requiring a transition to an extended conformation between the tandem CH domains on binding with F-actin 16, 26, 30 . Considering enrichment of ACF7 at focal adhesions, our results suggest that cell-adhesion signalling may enhance ACF7 association with F-actin by increasing the flexibility of ACF7's CH domain.
FAK/Src kinase complex phosphorylates ABD of ACF7. FAK and Src tyrosine kinases are the two most prominent signalling molecules that are activated by integrin receptors 18 . In vivo, FAK and Src form a mutually activated kinase complex that initiates a cascade of phosphorylation events, triggering various signalling pathways downstream to cell adhesion. In particular, both FAK and Src have been shown to be critically involved in cell motility and focal adhesion dynamics [19] [20] [21] . Interestingly, when we treated mouse keratinocytes with a Src inhibitor, PP2, ACF7 failed to localize at focal adhesions (Fig. 3a , quantification in Supplementary Fig. 3A ). In addition, ACF7 localization at focal adhesions was greatly diminished in cells deficient for FAK (Fig. 3a , quantification in Supplementary Fig. 3A ). Our results suggest that focal adhesion signalling may regulate ACF7 connection with F-actin through FAK/Src complex.
To investigate the link between ACF7 and FAK/Src complex, we examined the potential modification of ACF7 by FAK and Src tyrosine kinases. Kinase assays with purified recombinant proteins showed that Src but not FAK can efficiently phosphorylate full-length ACF7 and ACF7-NT in vitro (Fig. 3b) . When expressed exogenously in cultured HEK293T cells, FAK or Src alone did not lead to efficient phosphorylation of ACF7-NT, as determined by immunoblots with phosphor-tyrosine-specific antibodies. Co-expression of both FAK and Src strongly phosphorylated ACF7-NT (Fig. 3c) , suggesting that formation of a mutually activated kinase complex is required for efficient phosphorylation of ACF7 in cells. Consistent with this notion, expression of Src in WT keratinocytes, but not in FAK-deficient keratinocytes, leads to significant phosphorylation of ACF7-NT (Fig. 3d) .
To determine the FAK/Src phosphorylation site within ACF7-NT, we next analysed phospho-ACF7-NT by mass spectrometry (MS). Liquid chromatography-tandem MS (LC-MS/MS) analysis identified a prominent phosphorylation site (Y259) within the 2nd CH domain at ACF7-NT ( Fig. 2a and Supplementary Fig. 3B ). To confirm our MS results, we replaced the predicted tyrosine site with phenylalanine and repeated our phosphorylation assays. The single mutation at Y259 completely abolished ACF7-NT phosphorylation by FAK and Src (Fig. 3e) . Interestingly, the identified tyrosine residue is evolutionarily conserved ( Supplementary Fig. 3C ), suggesting a critical role for phosphorylation of Y259.
Phosphorylation is essential for ACF7 binding with F-actin. Our identification of the FAK/Src phosphorylation site in ACF7's ABD suggest a potential role of this modification in regulation of ACF7's binding with F-actin. To test this possibility, we expressed and purified ACF7-NT or CH domain (Fig. 2a) , as well as their point mutants that converted the phosphorylation site to either a kinase-refractory version harbouring a tyrosine to phenylalanine mutation (Y259F mutant) or a phospho-mimetic version, containing a tyrosine to aspartic acid mutation (Y259D mutant). We then carried out in vitro co-sedimentation assays with polymerized F-actin to determine their binding affinity (Fig. 4a,b) . Both ACF7-CH and its Y259F mutant displayed a weak but detectible binding with F-actin. By contrast, ACF7-NT and its Y259F mutant cannot be efficiently pulled down by F-actin under the same condition, suggesting that the presence of a plakin domain may play an inhibitory role in ACF7 association with F-actin. However, when phospho-mimetic mutation was introduced (Y259D), both ACF7-NT and CH exhibited robust interaction with F-actin in vitro (Fig. 4a,b) .
To directly assess the effects of FAK/Src-mediated phosphorylation, we next co-expressed FAK and Src kinases with ACF7-CH or NT domain in cells. As predicted, the actin-binding affinity of ACF7 was greatly enhanced when FAK/Src is present (Fig. 4c ). This effect was specific, as co-expression of FAK/Src did not alter F-actin interactions with ACF7-NT mutants (Y259F or Y259D) (Fig. 4c) .
To determine whether the phosphorylation regulates F-action association of full-length ACF7, we engineered expression vectors encoding haemagglutinin (HA)-tagged full-length ACF7, as well as point mutants at Y259. As expected, full-length ACF7 or ACF7-Y259F mutant displayed very weak interaction with F-actin in co-sedimentation assay, whereas the phospho-mimetic mutation dramatically increased F-actin binding (Fig. 4d ). In addition, co-expression of FAK/Src with full-length ACF7 greatly enhanced WT ACF7 binding with F-actin, but not the mutants (Fig. 4d) .
Consistent with biochemical analysis, ACF7-NT or its Y259F mutants exhibited no significant decoration of F-actin filaments when expressed in primary keratinocytes. By contrast, Y259D mutant in ACF7-NT showed marked co-localization with F-actin ( Supplementary Fig. 4A ). Together, our biochemical and cell biology analysis presented compelling evidence that phosphorylation of Y259 promotes ACF7 association with F-actin, unveiling a hitherto unrecognized mechanism of CH domain interaction with F-actin.
To further investigate the role of ACF7 phosphorylation by FAK/Src, we generated a phospho-specific ACF7 antibody against the synthetic phospho-peptides corresponding to the Y259 site at the CH domain. The antibody was specific for the phosphorylated state of ACF7: when ACF7-NT was not phosphorylated or when the site was selectively mutated, the antibody failed to recognize the ACF7-NT protein (Supplementary Fig. 4B ). The phosphorspecific antibody of ACF7 detected the expected sized band in
WT + PF562271 immunoblots of cultured WT keratinocytes but not ACF7 KO cells (Supplementary Fig. 4C ). The blotting signal was sensitive to chemical inhibitors of Src and genetic ablation of FAK ( Supplementary Fig. 4C ), further confirming the specificity of the antibody.
With the phosphor-specific antibody, we next examined the endogenous localization of phosphorylated ACF7. In primary keratinocytes, phospho-ACF7 staining showed striking colocalization with focal adhesions (Fig. 4e) . Unlike staining for total ACF7 (Fig. 2b) , diffusive or punctate localization in cytoplasm is barely detectible in phosphor-ACF7 staining. The staining was specific for ACF7, as it was abolished in ACF7 KO cells (Fig. 4e) . In addition, no significant phosphor-ACF7 can be detected in FAK-deficient cells or cells treated with PP2 or FAK inhibitor (Fig. 4f) . These findings are consistent with the phospho-dependent affinity of ACF7 for F-actin that we observed in vitro and reveal a remarkable correlation between FAK/ Src-mediated phosphorylation of ACF7 and ACF7-actin connection at focal adhesions.
Regulation of ACF7 binding with F-actin by phosphorylation. The ABD of ACF7 adopts a closed conformation, with key ABSs being buried within the two CH domains (Fig. 2c,d ). The two CH domains of ACF7 are connected with a short-loop sequence (Fig. 5a) . Interestingly, tyrosine 259 is outside of the conserved ABSs ( Supplementary Fig. 2B ) and located at the C-terminal end of the last a-helix in the second CH2 domain. This residue is in close proximity with the hinge region of ABD in the closed conformation (Fig. 5a) .
To determine how phosphorylation of tyrosine 259 might affect F-actin interaction, we determined in solution structure of ACF7-NT and Y259D mutant of ACF7-NT by small-angle X-ray scattering (SAXS). The gel filtration profiles of purified ACF7-NT and Y259D mutant suggest that both proteins are monomeric and monodisperse ( Supplementary Fig. 5A-C) . We found that the value of radius of gyration (R g ¼ 34 Å) derived from the SAXS data of ACF7-NT is slightly larger than that of the crystal structure of ACF7-NT (R g ¼ 29 Å), suggesting that ACF NT in solution is likely to be more extended than that depicted by the crystal structure (Supplementary Fig. 5D ). Although ACF7-NT Y259D mutation exhibit strongly elevated F-actin-binding affinity, its SAXS scattering curve and pair distance distribution function (P(r)) are highly similar to the WT counterpart, suggesting that the mutant is structurally similar to WT protein without the ligand (F-actin) (Fig. 5b, and supplementary  Fig 5E,F) . Thus, instead of changing overall structure of ACF7's ABD, phospho-mimetic mutation (Y259D) may enhance F-actin-binding affinity by affecting the intramolecular interactions within the tandem CH domains, allowing the dynamic flexibility of CH domains on F-actin interaction.
Structural analysis demonstrated that tyrosine 259 forms hydrogen bonds with isoleucine 150 and tyrosine 151 in the hinge region of CH domains (Fig. 5c ). These hydrogen bonds will be disrupted on phosphorylation of tyrosine 259. In addition, the hinge region between CH1 and CH2 domain is stabilized by the hydrophobic interactions between isoleucine 150, isoleucine 152 and leucine 165, leucine 167 and tryptophan 168. When tyrosine 259 is phosphorylated, a strongly negatively charged phosphate group will be introduced, which will likely interfere in the hydrophobic interactions and thus enhance the flexibility of tandem CH domains in ACF7's ABD. To explore this hypothesis, we introduced point mutations to the two isoleucine residues at the hinge region. Mutation of each individual isoleucine to aspartic acid leads to a small but appreciable increase in F-actin-binding affinity compared with WT ACF7-NT (Fig. 5d) .
When two isoleucine residues were mutated, the F-actin-binding affinity is markedly increased, to a level comparable with the Y259D mutant of ACF7-NT (Fig. 5d) . Taken together, our results elucidate the potential structural basis for the mechanism by which ACF7 is regulated by cell-adhesion signalling to control its connection with F-actin.
Phosphorylation is essential for focal adhesion dynamics. Ablation of ACF7 in skin keratinocytes impairs cell motility and focal adhesion dynamics 3 . To investigate the role of ACF7 phosphorylation in these processes, we constructed stable cell lines from ACF7 KO keratinocytes to re-express ACF7 or ACF7 mutant. To achieve stable expression of ACF7, we overcame the technical hurdles of ACF7's enormous size (5,380 amino acid residues) and engineered mammalian expression vectors encoding full-length ACF7 or ACF7-Y259F mutant within PiggyBac (PB) transposon elements 31 . When introduced into KO keratinocytes together with PB transposase, the coding sequence for ACF7 was efficiently integrated into the genomes. After selection, the cell lines expressed ACF7 or its Y259F mutant stably. Exogenous ACF7 and Y259F mutants were expressed comparably with the correct size, and exhibited the expected differential phosphorylation status (Fig. 6a) . Exogenously expressed ACF7 displayed focal adhesion-associated localization, reminiscent of the localization of endogenous ACF7 (Fig. 6b) . By contrast, immunofluorescence staining showed more diffusive localization of ACF7-Y259F mutant in cytoplasm (Fig. 6b) .
To determine the effect on cell motility, we first monitored the polarized rate of cell migration during recovery of B300 mm scratches introduced into keratinocyte monolayers. As shown previously 3 , while WT cells closed the gap within 24 h, KO keratinocytes usually moved only B50% of this distance into the wound (Fig. 6c,d ). Re-expression of ACF7, but not its phosphorylation refractory mutant rescued the defect (Fig. 6c,d ). Videomicroscopy permitted image and monitoring the velocities of individual keratinocytes. Assays of representative cells highlighted the significantly inhibited motility of KO cells as compared with WT keratinocytes as shown previously 3 . Exogenous expression of ACF7, but not its Y259F mutant in KO cells significantly restored cell motility (Fig. 6e) .
Turnover of focal adhesion is a key step in cell movement, and ACF7 plays a pivotal role in this process 3 . To examine focal adhesion dynamics, we began by employing confocal videomicroscopy to trace the behaviour of individual focal adhesions 21 . To monitor the process, we transfected cells with plasmids encoding DsRed-Zyxin 9,32 . Quantifications of the kinetics of hundreds of individual focal adhesions revealed significant and marked decrease in the disassembly rates of focal adhesions in KO cells or KO cells rescued with Y259F mutant of ACF7, compared with WT cells or KO cells re-expressing full-length ACF7 (Fig. 6e) . Despite well-documented role of ACF7 in focal adhesion turnover, our previous report also demonstrates that ACF7 promotes assembly of nascent focal adhesions 3 . Directional movement of cells requires efficient assembly and disassembly of focal adhesions. With quantification of videomicroscopy results, our results indicate that WT ACF7 but not its YF mutant can rescue the defect in focal adhesion assembly, suggesting that cytoskeletal crosslinking mediated by ACF7 plays an important role in focal adhesion formation (Supplementary Fig. 6 ).
Our previous results indicate that ACF7 connection with microtubules is regulated by GSK3b-mediated phosphorylation at the C-terminal domain of ACF7 (ref. 14) . To test whether disruption of ACF7 interaction with both F-actin and microtubules may affect cell motility and focal adhesion dynamics, we prepared ACF7 mutant that harbours Serine to Aspartic acid mutations at the GSK3b phosphorylation sites (ACF7-SD mutant) or both YF and SD mutations (ACF7-YF/SD mutant). When introduced into ACF7-deficient keratinocytes by microinjection, the SD mutant or YF/SD mutant of ACF7 could not significantly rescue the defects in either cell motility or focal adhesion disassembly or assembly ( Fig. 6e and Supplementary  Fig. 6 ), providing compelling evidence that cytoskeletal crosslinking activity is essential for the role of ACF7 in these processes.
ACF7 promotes focal adhesion turnover by guiding microtubule plus ends towards focal adhesions 3 . To visualize microtubule plus-end movements and targeting to focal adhesions, we expressed GFP-EB1, DsRed-Zyxin and CFPLifeAct (marker for F-actin) 33 in cells. Consistent with our previous report 3 , confocal microscopy revealed that in KO keratinocytes rescued with WT ACF7, but not ACF7-Y259F mutant, the movements of microtubules plus-end were effectively guided towards focal adhesions along the underlying F-actin filaments ( Supplementary Movies 3 and 4) . With life cell imaging approach, we next quantified focal adhesion targeting frequency of microtubules in various cell lines. Our results indicate that loss of ACF7 significantly reduces microtubule targeting towards focal adhesions, and expression of WT ACF7 but not the phosphorylation refractory mutant restored focal adhesion targeting of microtubules in ACF7 KO cells (Fig. 6f) . Together, our results provide compelling evidence that phosphorylation of ACF7 by FAK/Src complex is essential for focal adhesion/ cytoskeletal coordination and cell migration in vitro.
ACF7 phosphorylation is critical for skin-wound repair in vivo.
The skin engraftment platform provides an efficient way to examine the relevance of ACF7 phosphorylation in vivo. To determine the role of ACF7 phosphorylation in skin-wound repair, we engrafted ACF7 KO rescued with WT ACF7 or ARTICLE ACF7-Y259F mutant to nude mice. These cells were incorporated into host skin with comparable efficiency, and no significant difference was identified in cell proliferation or differentiation in vivo. In vivo re-expression of WT ACF7, but not Y259F mutant in the KO cells restored skin re-epithelialization (Fig. 7a,b) .
To directly visualize epidermal migration in vivo, we transduced all the cells with lentivirus encoding H2B-RFP. Regenerated skins were wounded and imaged by multiphoton microscopy as shown before (Supplementary Movies 5 And 6). Quantification of these movements revealed that WT ACF7 but not the phosphorylation refractory mutant can significantly rescue the defects in cell-migration speed and polarity (Fig. 7c-f ).
To further explore the role of ACF7 phosphorylation in skin re-epithelialization, we performed tissue explants ex vivo 34 . The biopsies of skin grafts were placed on fibronectin-coated glass dishes and monitored for the outgrowth of interconnected epithelial sheets of grafted keratinocytes from these explants (Fig. 7g) . Quantification revealed a marked delay in the outgrowth from ACF7 KO explants compared with WT counterparts. Exogenous expression of ACF7 but not ACF7-Y259F mutant rescued the defect (Fig. 7h ). Taken together, our studies presented strong evidence that phosphorylation of ACF7 by FAK/Src plays a critical role in epidermal migration during skin-wound repair in vivo. 
Discussion
The coordination of F-actin and microtubules plays an essential role in a variety of cellular processes 2 . Mounting evidence now suggests that focal adhesions can serve as the 'hotspot' for crosstalk between microtubules and F-actin cytoskeletal networks. It has been shown that microtubules can specifically grow towards focal adhesions, a process likely guided by underlying F-actin filaments 35, 36 . Targeting of focal adhesions by microtubules promotes disassembly of focal adhesions, a feature in line with the long-standing observation that cells treated with microtubule-depolymerizing drugs contain enlarged and stabilized focal adhesions 3, 37, 38 . Our previous studies identified a microtubule and F-actin-crosslinking protein, ACF7, as an essential molecule in coordinating this process and promoting focal adhesion dynamics during directional cell movement 3 . Interestingly, loss of ACF7 in mouse primary keratinocyte inhibits both assembly and disassembly of focal adhesions. Although it remains unclear how cytoskeletal crosslinking mediated by ACF7 can enhance focal adhesion assembly, establishing a focal adhesion-oriented microtubule network may facilitate specific delivery of effector proteins that may promote assembly and maturation of focal adhesions. Despite its significant role in focal adhesion turnover, it remains unclear how the activity of ACF7 is regulated in the cells to achieve focal adhesion-specific guidance of microtubule. Our previous study revealed that microtubule-binding domain of ACF7 can be phosphorylated by protein kinase GSK3b, which leads to decreased microtubule-binding affinity and plays an important role to sustain directional movement of skin stem cells 14 . In addition, recent study has also demonstrated regulation of BPAG1n4 by calcium through the EF hand motif at the C terminus 39 .
In this study, by employing a combinatory approach encompassing structure biology, biochemistry and cell biology analysis, we present compelling evidence that cell-adhesion signalling can lead to phosphorylation of a key tyrosine residue at the second CH domain of ACF7 through the FAK/Src kinase complex. This posttranslational modification can greatly enhance ACF7 interaction with F-actin by potentially weakening the intramolecular interactions within tandem CH domains that block F-actin association. Consistent with the critical role of this modification, the tyrosine residue is highly evolutionarily conserved. A schematic outlining this model is presented in Supplementary Fig. 7 .
Although Src alone is sufficient to phosphorylate ACF7 in vitro, presence of both FAK and Src is essential for optimal ACF7 phosphorylation in cells, reminiscent of the behaviour of other FAK/Src substrates involved in focal adhesion signalling 40, 41 . In addition to forming a mutually activated kinase complex, FAK can also function as an adaptor molecule to allow physical association between Src and its substrates, such as endophilin and p130-Cas 40, 41 . Association of ACF7 with microtubule plus tip complex has been well-characterized 7 , however, the potential interaction between ACF7 and focal adhesion molecules, such as FAK, is unclear. Thus, future investigation is required to further elucidate the molecular mechanism of how FAK and Src together mediate the phosphorylation of ACF7 during cell migration.
Tandem CH domains are present in many F-actin-interacting proteins and are well-known as binding motifs for F-actin 16 . Posttranslational modifications around the CH domains have been documented previously. The residue (tyrosine-12) in front of the first CH domain of a-actinin has been shown to be the target of FAK, and phosphorylation of this residue leads to diminished binding of a-actinin to F-actin 42 . In addition, it has been shown that different kinases can mediate phosphorylation of L-plastin at Serine 5 or 7 at the N terminus, and the modification can increase L-plastin association with F-actin 43 . However, all these modifications occur at residues outside the tandem CH domains, and it remains obscure how these modifications might affect the CH domains structurally.
Accumulating evidence suggests that the key ABSs of ABD are buried within tandem CH domains in the closed conformation. Thus, it has been speculated that certain conformational alteration is essential for the CH domains to expose the ABSs and associate with F-actin 16, 26, 30 , although different CH domainbearing proteins may entail different mechanisms for their binding with F-actin [24] [25] [26] [27] . Interestingly, the tyrosine 259 in ACF7 is conserved in several other CH domain-containing proteins (fimbrin and a-actinin). In this regard, it is also noteworthy that both fimbrin and a-actinin have been shown to localize at focal adhesions 44, 45 . Thus, we posit that the FAK/Src-mediated phosphorylation could act as a general switch to regulate binding affinity of tandem CH domains, leading to recruitment of various F-actin-interacting proteins to cell-adhesion sites.
Tyrosine 259 localizes outside the three ABSs of ACF7's CH domain, and our results suggest that phosphorylation of this residue can increase ACF7 association with F-actin by potentially relieving the intradomain interaction within ACF7's ABD. This hypothesis is further supported by the mutagenesis results that mutation of two other isoleucine residues that contribute to the intradomain interaction can also increase the F-actin-binding affinity of ACF7 (Fig. 5d) . However, based on our current results, we cannot completely rule out other potential mechanisms whereby phosphorylation of tyrosine 259 may contribute to F-actin binding of ACF7. For example, the modification may create an additional ABS for F-actin interaction in ACF7. Future study with solution structure and/or cryo-electron microscopy analysis will be essential to further define the molecular mechanism by which ACF7's CH domains associate with F-actin, and how the interaction is regulated by phosphorylation of tyrosine 259.
In closing, our findings provide critical insights into the mechanics of cell-adhesion dynamics, and now pave the way for probing more deeply into the intricate signalling network orchestrating the crosstalk between F-actin and microtubule cytoskeletal networks at focal adhesions. . Mouse monoclonal Abs against Myc (Santa Cruz sc-40, dilution 1:500-1:2,000), and rabbit polyclonal Abs against HA (Santa Cruz sc-805, dilution 1:500-1:2,000), His tag (Santa Cruz sc-803, dilution 1:500-1:2,000), Src (Santa Cruz sc-19, dilution 1:500-1:1,000) and Ki67 (Santa Cruz sc-15402, dilution 1:500-1:1,000) and Src inhibitor pp2 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). FAK inhibitor PF-562271 was obtained from AdooQ Bioscience (Irvine, CA). Mouse monoclonal Antibody against phosphor-tyrosine was purchased from Millipore (Temecula, CA). Actin-binding protein spin-down kit was obtained from Cytoskeleton (Denver, CO). Other chemicals or reagents were obtained from Sigma, unless otherwise indicated.
ACF7 N-terminal (residues 1-400), CH domain (residues 1-268), plakin domain (residues 268-400) and their mutants were cloned into mammalian expression vectors pKH3S and pHANS (with N-terminal HA or Myc tag) and prokaryotic expression vector pETDuet1. Tyrosin259 (Y259) mutations to Phenylalanine (F) and Aspartic acid (D) in ACF7-NT and ACF7 full length were created by over-lapping PCRs with primers:
0 . To create ACF7-YFSD mutant, the same mutagenesis PCR was carried out in ACF7-SD mutant background 14 . Full-length ACF7 and its mutant were cloned into PB vector p748-IRES-puro for construction of stable cell lines. Plasmid expressing transposase was kindly provided by Dr Jerrold Turner at the University of Chicago.
Expression and purification of ACF7-NT. The ACF7-NT containing a 6 Â His tag at the N terminus was overproduced in Escherichia coli BL21(DE3) cells. Briefly, cells were grown in 12 l of LB medium containing 100 mg ml À 1 ampicillin at 30°C. The culture was induced with 0.4 mM isopropyl-b,D-thiogalactopyranoside at an OD 600 (optical density at 600 nm) value of B0.5. Cells were harvested within 5 h of induction. The collected bacteria were resuspended in ice-cold buffer containing 20 mM Na-HEPES (pH 7.5) and 100 mM NaCl. The cells were then lysed in a French pressure cell. Cell debris was removed by centrifugation for 1 h at 4°C and 20,000g. ACF7-NT then purified with Ni 2 þ -affinity and superdex-200 gel filtration (AKTA, GE healthcare Life Sciences, USA) columns to 495% purity and its identity was confirmed by N-terminal sequencing. ACF7-NT mutant (Y259D) was isolated with the same procedure.
Purification of ACF7 and in vitro kinase assay. Full-length ACF7 was isolated by affinity chromatography from 293F clone that stably expresses HA-tagged ACF7 3 . For in vitro kinase assays, purified ACF7 or ACF7 mutants were incubated with recombinant kinases for 10 min at 37°C in a total volume of 30 ml of protein kinase assay buffer (100 mM ATP, 10 mM HEPES at pH 7.4, 3 mM MgCl 2 , 3 mM MnCl 2 , 1 mM dithiothreitol, 10 mM b-mercaptoethanol)±1 mCi of [g-32 P] ATP (6,000 Ci mmol À 1 ) (ref. 46 ).
Microtubule-binding assay. Microtubule binding were examined using microtubule-binding protein spin-down assay kit from Cytoskeleton, according to manufacturer's instructions. ACF7 truncation mutants were isolated from E. coli or expressed in HEK293T cells (Fig. 4c,d ). For the latter, cell lysates were pre-cleaned by ultracentrifugation before the pull-down analysis.
Crystallization and structural determination of ACF7-NT. Crystals of ACF7-NT were obtained using hanging-drop vapour diffusion at 4°C. For ACF7-NT, a 1 ml 20 mg ml À 1 ACF7-NT in a buffer containing 25 mM Hepes pH 7.5, 150 mM NaCl, 2 mM CaCl 2 was mixed with 1 ml of reservoir solution containing 0.1 M MES pH 6.5, 0.2 M (NH 4 ) 2 SO 4 and 1 M (NH 4 ) 2 HPO 4 . Cryoprotection was achieved by raising the glycerol concentration stepwise to 30% with a 5% increment in each step. The diffraction data sets of ACF7-NT were collected at 100 K at Shanghai Synchrotron Radiation Facility. Diffraction data were processed with DENZO and scaled with SCALEPACK. The ACF7-NT structure was determined by molecular replacement with Phaser in CCP4i (ref. 47) using known structures (PDB code ¼ 3f7p and 2odv, respectively) as the search model. After tracing the initial model manually in the program Coot 48 , the model was then refined against the native data at 2.6-Å resolution using CNS 49 and PHENIX 50 . The structure data have been deposited to Protein Data Bank (PDB) with accession code 4Z6G.
SAXS. SAXS data for ACF7-NT and ACF7-NT (Y259D) in PBS were collected at room temperature at 12ID-B, APS, ANL using 1 mg ml À 1 protein and an incident X-ray wavelength of 0.886 Å. The data was reduced and analysed using ATSAS 51 . PRIMUS was used to determine the R g value in reciprocal space 52 . The SAXS data was deposited to SASBDB with accession code SASDBL3 for ACF7-NT and SASDBN3 for ACF7-NT Y259D.
Histology and immunofluorescence. Skin or wound samples were embedded in OCT, frozen, sectioned and fixed in 4% formaldehyde. For paraffin sections, samples were incubated in 4% formaldehyde at 4°C overnight, dehydrated with a series of increasing concentrations of ethanol and xylene, and then embedded in paraffin. Paraffin sections were rehydrated in decreasing concentrations of ethanol and subjected to antigen unmasking in 10 mM Citrate, pH 6.0. Sections were subjected to haematoxylin and eosin staining or immunofluorescence staining 53 . Antibodies were diluted according to manufacturer's instruction, unless indicated.
Cell culture and protein analysis. Primary mouse keratinocytes were isolated from the epidermis of newborn mice using trypsin, after prior separation of the epidermis from the dermis by an overnight dispase treatment. Keratinocytes were plated on mitomycin C-treated 3T3 fibroblast feeder cells until passage 3. Cells were cultured in E-media supplemented with 15% serum and a final concentration of 0.05 mM Ca 2 þ . All experiments were performed using primary cells with o10 passages. FAK KO keratinocytes were kindly provided by Dr Markus Schober from New York University. HEK293 cells were cultured in DMEM medium supplemented with 10% serum. For protein analysis, cells were lysed in lysis buffer and subjected to immunoprecipitation with different antibodies. Whole-cell lysates and immunoprecipitates were examined by western blotting analysis with Odyssey infared imaging system or ECL reagents. Uncropped original scan of western results are shown in Supplementary Fig. 8 .
Cell-migration assays and time-lapse videomicroscopy. For scratch-wound healing assay, keratinocytes were plated on 35-mm tissue culture dish coated with fibronectin 46 . After cells reached confluency, wounds were created by manual scraping of the cell monolayer with a pipette tip. The dishes were then washed with PBS, replenished with media and photographed using a phase contrast microscope. Afterwards, dishes were placed in the tissue culture incubator, and the matched wound regions were photographed 12 and 24 h after wounding.
To trace the movement of individual keratinocytes, cells were plated on fibronectin-coated dishes and imaged with an Olympus vivaview microscope ( Â 20) for 2 h at 1 frame per min and manually tracked in Image J.
Focal adhesion assembly and disassembly measurements. Keratinocytes were plated on fibronectin-coated dishes and transfected with plasmid encoding DsRed-Zyxin. Time series of images were acquired on a 3i Marianas Yokogawatype spinning-disc confocal microscope equipped with a Â 100 a-plane (1.45 oil) lens and an electron microscopy charge-coupled device camera. The rate constants for focal adhesion assembly and disassembly were obtained by calculating the slope of relative fluorescence intensity decreases of individual focal adhesion on a semilogarithmic scale against time 22, 33 .
Skin engraftment and skin-wound healing. Decelluralized dermis (1 Â 1 cm) was prepared by EDTA treatment of newborn mouse skin 22 . About 1.5 Â 10 6 cultured keratinocytes were seeded onto the dermis in cell culture insert. After overnight attachment, the skin culture was exposed to air/liquid interphase. To transplant to nude animals, two 1 Â 1-cm wounds were introduced to the back skin. After transplantation, the wound edge is sealed with surgical glue. The grafted animals were housed separately and the wound bandages were usually removed 1 week post surgery. At 2 weeks post surgery, full-thickness excisional wounds were made on skin grafts using a 6-mm skin puncher. Mice were housed separately, and no self-induced trauma was observed in control or cKO mice. Tissue was collected 2-6 days after wounding, and wound re-epithelialization was evaluated by histological analyses. Hyperproliferative epidermis (HE) was identified by haematoxylin and eosin staining, and the length of HE that extended into the wounds was measured and quantified.
For skin explant, the punched skin biopsy was cultured on matrigel-coated coverslip with E-medium added with 0.3 mM CaCl2. Pictures were taken at different time points as indicated. The animal studies were carried out in the ALAAC-accredited animal research facility at the University of Chicago. All the animal experiments were approved by the Institutional Animal Care and Use Committee of the University of Chicago.
Intravital imaging of mice. Optical imaging was performed in the integrated small animal imaging research resource (iSAIRR) at the University of Chicago. Bioluminescence images were acquired on an IVIS Spectrum (Caliper Life Sciences, Alameda, CA) after animal was injected with luciferin (100 mg kg À 1 ). Acquisition and image analysis were performed with Living Image 4.3.1 software.
Wound healing in grafted skin was imaged by multiphoton microscope in the light microscopy centre at the University of Chicago. Images were analysed with Image J and Ibidi chemotaxis & migration softwares. Movement speed and directions were quantified by tracking the movement of H2B-RFP-positive cell nuclear. Persistence of cell movement was determined by comparing the Euclidian distance (the length of the straight line connecting the start and end points) versus accumulated distance of cell migration.
Statistical analysis. Statistical analysis was performed using Excel or OriginLab software. Box plots are used to describe the entire population without assumptions on the statistical distribution. A student t-test or analysis of variance was used to assess the statistical significance (P value) of differences between experimental conditions. Data availability. All relevant data are available from the authors. The SAXS data
